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ABSTRACT
While many approaches have been investigated to identify areas for hermetic compressor efficiency improvements
over the past few decades, there remains no conclusive method to gain a holistic view of the system domain to help
identify potential target areas to guide product research direction. Hence, modern tools, methods, and problem perspectives are needed to develop new insight into mature problem-sets on a system level to satisfy increasingly stringent
efficiency mandates. Reasonably mature simulation tools currently exist that enable scientists and engineers to gain a
new perspective into system domains. One such tool is Computational Fluid Dynamics (CFD). The results of the following investigation will show how CFD, coupled with the knowledge of its inherent strengths and weaknesses, can be
leveraged to allow scientists and engineers to view mature problem-sets from a qualitative perspective to yield different
results by using the high-pressure fluid circuit of a hermetic compression system as a simulation test-bed.

1. INTRODUCTION
Traditional Hermetic Compressor research has largely centered around classic trial-and-error approaches based on
years of industry knowledge. A byproduct of this approach is the production of a results-centered mindset in respect to
product development, which in turn brings about new opportunities and challenges. The prime challenge is being able
to gain insight into the dynamic operating conditions of the Hermetic Compressor. This challenge is exacerbated by the
fact that accurate internal system measurement data is very difficult to acquire due to the hermetic conditions in which
the refrigerant must be maintained. That said, taking random measurements can often prove to be an exercise in futility
itself since repeatability can also be a function of measurement location. Sometimes trial-and-error research yields
very good results, while at other times it can yield less-than-optimal results. Regardless of the view, new efficiency
requirements being mandated require old problems to be viewed through a different lens to find answers to the question
of where to concentrate future development efforts. The following study addresses this need through use of a macrolevel CFD analysis approach.

2. LITERATURE REVIEW
Numerical analysis has began to take a more substantial role with respect to research in the HVAC&R industry during
the last decade. Current fluid modeling techniques comprise of 1-D Lumped Conservation Models, 2-D Computational Fluid Dynamics, 3-D Computational Fluid Dynamics, and hybrid approaches containing elements of each mentioned method. Due to the large computational requirements of Computational Fluid Dynamics (CFD), compressor
systems have been segregated to enable detailed study into smaller sub-systems that can be categorized into four general sub-systems: suction (low-side) fluid circuit, suction valving, discharge valving, and discharge (high-side) fluid
circuit.
The suction (low-side) fluid circuit has been a recent hot topic of study due to its reduced gas complexity with respect
to thermodynamics coupled with the inherent need for improvements. Rigola et al. (2014) investigated the effects
of suction mufflers with respect to system pulsations, using modular sub-systems to simulate the suction side of the
system. Mayer et al. (2014) compared strengths and weaknesses of 1-D lumped modeling to CFD simulation for reed
valve motion using the suction valve as the center of study. Pereira et al. (2012) recently investigated the use of a hybrid
modeling approach that consisted of a 1-D lumped model in conjunction with a 1-D valve motion model and a 3-D CFD
model to predict suction pulsation with some success. Novak (2014) investigated the effects of geometry simplification
for CFD analysis and the potential impact for quantitative result accuracy with respect to low-side compressor shell
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Figure 1: High Pressure Fluid Domain

Figure 2: 2-D Surface Mesh

volume. Kerpicci and Oguz (2006) also investigated system influences on numerical simulations with respect to results
for a suction valve analysis. Done et al. (2014) have recently leveraged CFD to successfully present some interesting
conclusions with respect to suction muffler design approaches.
The discharge (high-side) fluid circuit has not been as actively researched as the suction side of the compressor system.
However, Oliveira and Real (2010) recently applied a 1-D analytical model to investigate discharge pressure pulsations
to further investigate electronic valving. Park et al. (2008) present the use of a 1-D lumped model to investigate low
frequency compressor noise due to discharge pulsations.
Current CFD quantitative state-of-the-art accuracy for simulation systems with unknown test data can be implicitly
gathered through the work of Liu et al. (2012). The work of Liu et al. (2012) investigated pressure loss coefficients for
converging and diverging duct sections in a competitive study solicited by ASHRAE to conduct a blind comparison
between CFD and experimental results. Liu et al. (2012) presented the most accurate results to ASHRAE in response
to the project titled, "CFD Shootout Contest - Prediction of Duct Fitting Losses".

3. SYSTEM OF INTEREST
The system of interest for this numerical investigation is the high-pressure side of the hermetic compressor. This
includes all compressed gas after the discharge valve up to (and including) the discharge ell. The complete simulation
system consists of three general flow domains: the head chamber, discharge muffler, and discharge shock loop that
includes the discharge ell as seen in Figure 1. All fluid volume after the inlet ports up to the discharge muffler entrance
is included in the head chamber fluid domain. The discharge muffler fluid domain entrance begins inside the head
chamber and encompasses the fluid volume up to the discharge shock loop entrance. Lastly, gas flow from the discharge
muffler is carried through the shock loop and discharge ell fluid domains to the outside the compressor shell. It should
be noted that all three flow domains are simulated as one domain for the purposes of this investigation. Valving has
not been included in this analysis due to the simplification intent of the study.
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Figure 3: Polyhedral Inlet Volume Mesh

Figure 4: Polyhedral Outlet Volume Mesh

4. SIMPLIFYING ASSUMPTIONS
To adequately study the system of interest, simplifying assumptions were necessary. The system is modeled in a
steady-state condition. Dynamic valve operation is not considered since it should be considered as a micro-level
transient event. Structural interaction is neglected. Oil suspension is not accounted for. The fluid is modeled as pure
R410A with no impurities. All fluid walls are treated as adiabatic and considered to have zero velocity. Surface
roughness is not considered. The valve is fixed at maximum lift (against the valve stop) for the steady-state simulated
condition. Finally, the inlet massflow rate is considered uniform for this study. It should be noted that these simplifying
assumptions are not valid for a micro-level analysis. However, they are conducive to positive results on a macro-level
as is the case for this analysis.

5. NUMERICAL MODELING APPROACH
While many numerical methods for CFD simulation exists, the Finite Volume (FV) method was employed for this
simulation. Continuity, momentum, and energy equations were solved using a pseudo-transient, density-based implicit coupled flow model through use of a second-order upwind discretization scheme. Buoyancy and density changes
are accounted for due to compression and expansion. The equations-of-state for density is modeled using the Ideal
Gas Law due to its simplicity coupled with its ability to predict reasonable qualitative results (Branch, 2014). For
brevity, the governing equations for the numerical models are not presented. That said, general scalar transport equations, equations-of-state, and discretization schemes are covered in detail in the text published by Ferziger and Peric̀
(2001).

6. DOMAIN DISCRETIZATION
For this study, an airtight 2-D triangular surface mesh (see Figure 2) is used to generate the base surface mesh to enable
clean volume mesh generation. From the generated 2-D surface mesh, a tetrahedral volume mesh is created to enable
generation of a polyhedral mesh based on tetrahedral cell centroids. The polyhedral volume mesh used for numerical
discretization can be seen in Figures 3 and 4. Mesh cross-sections for the head cavity region can be seen in Figures 5
and 6.

7. FLUID PROPERTIES
The fluid of interest for this study is R410A. As stated in the simplifying assumptions, oil suspension is neglected and
the fluid is modeled as pure. Hence, fluid properties were extracted from RefPROP v9.1 for this simulation (Lemmon
et al., 2010). A truncated table of example fluid properties can be seen in Table 1 on page 4.
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Figure 5: Mesh Density Inlet Cross Section One

Figure 6: Mesh Density Inlet Cross Section Two

Table 1: R410A Example Fluid Properties
T (K)

P (MPa)

310.8
320.8
330.8
340.8
350.8

2.3
2.3
2.3
2.3
2.3

kg

ρ ( 3)
m
989.76
86.824
79.691
74.292
69.948

J )
Cp ( kg−K

(C )

Cp
v

c (m
s)

Molar Mass

W )
k ( m−K

μ (Pa-s)

Pr

1889.9
1434.7
1286.5
1205.9
1157.3

1.9881
1.575
1.4579
1.3872
1.3391

354.4
165.64
174.14
181.29
187.55

72.585
72.585
72.585
72.585
72.585

0.082181
0.01797
0.018039
0.018394
0.018914

9.9244E-5
1.5039E-5
1.542E-5
1.5819E-5
1.6227E-5

2.2823
1.2007
1.0997
1.0371
0.99291

8. TURBULENCE MODEL SELECTION
Many models that enable closure of the Reynolds Averaged Navier-Stokes (RANS) equations exist. These models
are used to statistically provide closure the the Reynolds stresses (Pope, 2000). While it is not mandatory that RANS
modeling be employed, it is much more computationally efficient than employing Direct Numerical Simulation (DNS)
to model the flow field on a macro-level using current computing platforms. Three approaches for selecting a suitable
turbulence model as well as general thought process strategies are discussed below.
A first approach in simulating an unfamiliar system should be to perform a literature review to identify similar simulations that have had extensive parametric studies performed in respect to turbulence models. This often gives a good
indication on where to begin with respect to model selection. More importantly, this approach aids in identifying
potential shortcomings based on past turbulence model results.
The most reliable approach is to explicitly perform a parametric study using the simulated model as a test-bed for
model selection. This often reveals strengths and weaknesses in different turbulence modeling approaches. However,
it should be understood that many turbulence models are also grid dependent which makes a parametric study that
accounts for grid independence a necessity. Re-circulation zones, surface attachment, and surface detachment based
on the fluid domain can have a significant impact on the turbulence model selection.
The last method involves model selection based on modeling experience. It should be noted that this method can
be somewhat misleading since problem extrapolation is not always as straight-forward as it may appear. Parametric
turbulence model studies can often reveal weaknesses within a turbulence model application that previous experience
has not yet discovered.
Turbulence model selection is generally based on trade-offs between performance, robustness, and accuracy. With
robustness and computational performance, and macro-level simulation targets in-mind, the realizable, two-layer wall
treatment k-ε turbulence model is selected to model turbulent kinetic energy (k) and the dissipation rate (ε) based on a
combination of literature review and past experience (Rodrigues, 2014; Pereira et al., 2012; Liu et al., 2012).
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9. BOUNDARY CONDITIONS
Simplified boundary conditions for the simulation are set according Table 3. It should be noted that all boundary conditions are based on the problem's simplifying assumptions listed in section 5 on page 3.
Table 2: Discretization Domain Details
Discretization Region
Head Cavity
Muffler, Shock Loop,
& Discharge Ell

# of Elements
7.2 Million
653 Thousand

Table 3: Simulation Boundary Conditions
Inlets
Outlet
All Walls

Mass Flow Inlet
Pressure Outlet
No Slip, Smooth, & Adiabatic

kg

0.0726 ( s )
311 K
N/A

10. SOLUTION CONVERGENCE
Solution convergence for this investigation is monitored based on three separate methods. The first is through solution
residuals. Residuals allow real-time solution monitoring to allow an insight to be established in respect to convergence
as well as divergence. However, residuals do not always tell a complete story in respect to convergence. Changing
CFD solution variables such as the under-relaxation factor can affect the solution residual presentation. In practice,
residuals are better served as a solution performance metric to answer the question: Is the solution diverging?
Hence, for this study, the pressure drop and mass conservation from the inlet to the discharge outlet is also monitored to
ensure solution convergence is adequately determined. Even using these two additional solution monitoring methods,
careful consideration must be paid to convergence. Figure 7 shows massflow convergence somewhere around eight
to nine hundred iterations. However, 8 shows that the pressure drop (inlet to outlet) does not show convergence until
around fourteen hundred iterations.

11. GRID INDEPENDENCE
It should be noted that grid independence is not rigorously tested in this study due to the nature of the investigation
intent. To maintain computational efficiency, the mesh density is normally decreased in areas that have little effect on
the results once results are discovered. In contrast, mesh refinement (mesh density increase) can be executed in areas
of high pressure, temperature, and velocity gradient. Figures 5 and 6 show a cross-section showing mesh density in
the head cavity fluid region. Careful consideration based on prior simulation experience can be leveraged in areas of
large gradient expectations, such as the reed valve stop walls, the head cavity floor, and inlet wall regions. A general
element size matrix can be seen that describes the mesh densities in Table 2 on page 5.

12. QUALITATIVE RESULTS
The purpose of this investigation is to gain qualitative insight into the energy flow-field on a macro-level. That said, the
amount of interesting qualitative information must be broken into digestible chunks. In that regard, the results presented
have been parsed down to the head cavity section to facilitate a quality discussion. Furthermore, the information will
be segregated into three qualitative sections: Velocity, Pressure, and Temperature.
Figure 9 shows a two-dimensional cross section of the velocity vectors for the simulation. Of particular interest is
the apparent velocity "bubble" that forms on each face of the discharge valve in addition to a "jet-effect" in the valve
curtain area. It can be seen in Figure 10 that multiple re-circulation zones exist throughout the head chamber domain.
The head chamber fluid domain also shows an interesting "bow" in the flow-field as the fluid exits the head chamber
and enters the muffler inlet tube. Figures 11 and 12 show velocity vectors acting on the face and the back side of the
valve stop as well as a substantial re-circulation zone located on the back side of the valve stop. High velocity gradients
are often an indicator of potential energy losses.
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Figure 7: Mass Flow Balance

Figure 8: Pressure Drop Convergence
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Figure 9: Velocity Vectors of Head Cavity Cross-Section

Figure 10: Velocity Stream of Head Cavity Cross-Section
Figure 13 shows three very interesting aspects of the flow-field. The first is the high pressure that the valves experience.
Of interest, is the pressure differential from the front of the valve stop to the back side of the valve stop. Next, areas of
high pressure present themselves on the upper left corner of the fluid domain. This also indicates an area of low fluid
velocity. Insight such as this can be leveraged to investigate flow improvement design strategies.
Lastly, the temperature field is queried for insight into general energy transfer characteristics for the flow domain. An
HVAC&R compressor's primary purpose is to increase the refrigerant's delivered temperature to the heat exchanger
(via pressure increase) to enable heat transfer to take place in the condenser and evaporator, thus satisfying the thermodynamic refrigeration cycle. That said, temperature is a form of energy and understanding it's flow path can be
beneficial. Figures 14 and 15 show some interesting trends as the gas expands into the head chamber volume. It is well
understood that energy flows from hot-to-cold under ideal conditions. With that said, it can be seen that the temperature
contours are very discreet, particularly in the cross-section depicted in Figure 15. An apparent area of interest is seen
in the valve and valve-stop region. The temperature gradient is very pronounced on each side of the valve stop due to
the gas expansion path governed by the geometric flow-path of the design.
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Figure 11: Velocity Vectors Section View
Two

Figure 12: Velocity Vectors Section View
Two Zoomed

Figure 13: Head Cavity Cross-Section Pressure Contours

Figure 14: Temperature Contours of the
Head Cavity Cross-Section One

Figure 15: Temperature Contour Zoom of
the Head Cavity Cross-Section Two
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13. CONCLUSIONS AND RECOMMENDATIONS
Upon conclusion it can be seen that well thought-out steady-state simulation simplification strategies can be applied
to enable the study of a transient, dynamic system through the use of CFD numerical simulations. Results presented
in this study are able to provide a virtual window into the head chamber's tortuous flow domain on a macro-scale, thus
enabling the ability to gain a holistic insight into system optimization direction. That said, computational limitations
still exist that must be considered. Hence, the need for practical simplifying assumptions. Once computational and
numerical limitations are identified for a simulation, they can be exploited to aid research direction. Many times, the
solution isn't known... nor is it necessary to be known as shown through this investigation.
Future work could include parametric studies that vary the mass flow rate to study system trends as the compressor
experiences different system operating conditions. Furthermore, transient micro-scale sub simulations could be employed to enhance accuracy and provide additional energy transfer understanding. That said, the general energy-flow
trends discovered through this investigation could hold true across many conditions the system will experience in respect to the energy flow-field. Lastly, results discovered during this investigation can be used to enhance experimental
measurements based on optimum measurement locations or perhaps even correction factor applications that can be
understood and accounted for. Hence, computational effort on the front-end can be used to augment the measurement
process... creating an iterative loop for computational analysis and experimental measurements to improve research
and design efficiency.

NOMENCLATURE
kg

ρ

Density

( 3)
m

ASHRAE

ε

Turbulence Dissipation

( m3 )

μ
V
P
T

Dynamic Viscosity
Velocity
Pressure
Temperature

k

Turbulent Kinetic Energy

( m2 )

kg
m

Kilogram
Meter

(N/A)
(m)

CFD
RANS
DNS
Pr
k
c
s
W
Cp

2

s
kg
( m−s )
(m
s)

(MPa)
(K)
2

s

American Society of Heating, Refrigerating,
and Air-Conditioning Engineers
Computational Fluid Dynamics
Reynolds Averaged Navier Stokes
Direct Numerical Simulation
Prandtl Number
Thermal Conductivity
Speed of Sound
Second
Watts
Specific Heat

(N/A)
(N/A)
(N/A)
(N/A)
(N/A)
W )
( m−K
(m
s)
(s)
(W)
J )
( kg−K
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